The structure and arrangement of the multiple provirus copies of avian sarcoma virus in a rat XC cell line were studied by restriction endonucleases. The following observations were made: (i) the majority of the proviruses integrated randomly with respect to cell DNA; (ii) no gross deletions or rearrangements in the proviruses were observed; (iii) two types of proviruses (type I and type II) could be distinguished on the basis of restriction endonuclease cleavage sites; (iv) the virus rescued from these cells was derived from type II provirus, which has a novel EcoRI site between the env andpol genes; (v) most of the provirus units contained the src gene.
INTRODUCTION
RNA tumour viruses replicate through a DNA intermediate which is covalently associated with the host cell genome, whether the cell is permissive or non-permissive (Temin, 1974) . Although direct evidence is lacking, it appears from a thorough characterization of a variety of integrated and unintegrated viral genomes that the linear or circular DNAs with large terminal repeats are likely precursors for integration , Sabran et al., 1979 . , using restriction endonucleases PvuI and EcoRI, have clearly demonstrated the redundant nature of the integrated proviruses. In other words, the large terminal repeats (LTR) flank the viral sequences and are covalently linked to cellular sequences. Integration appears to be site-specific with respect to the viral genome whereas it is random with respect to the cellular genome; analysis of the integrated viral genomes from a variety of permissive and nonpermissive cells has indicated that integration always takes place at a site within the LTR Sabran et al., 1979; Gilmer & Parsons, 1979) . In the majority of the cells only one or two copies are integrated. However, in a few cases examined, multiple copies do integrate and these appear to be integrated non-tandemly (Akiyama & Vogt, 1979; Gilmer & Parsons, 1979) .
XC cells were derived about 20 years ago from a fibrosarcoma, induced in a rat by injecting the Prague-C (Pr-C) strain of Rous sarcoma virus (Svoboda, 1961) . Varmus et al. (1973a) have shown that about 15 to 20 copies are integrated per diploid genome. Despite the large number of proviruses, these cells contain less than 50 genome equivalents of viral RNA (Varmus et al., 1974a) . Cell fusion and transfection experiments have clearly indicated the presence of at least some complete functional genomes (Svoboda et al., 1967 (Svoboda et al., , 1973 Hlo2~.nek & Svoboda, 1972; Hill et al., 1974; Levy et at., 1974) . Recently, we have demonstrated modification of the majority of the proviral DNA copies in these cells and suggested an inverse relationship between methylation and gene activity . However, very little is known about the nature and organization of these multiple proviruses. We have been particularly interested in understanding the mechanism by which these multiple copies are generated. Therefore, we have undertaken a study on the characterization of these genomes by restriction endonucleases. These studies show that: (i) there are at least two types of provirus, one with the normal, known EcoRI pattern (type I) and the other with a novel EcoRI site between thepol and env genes (type II); (ii) all the viruses rescued from XC ceils are derived from the type II provirus; (iii) in all the proviruses the BamHI site located at the 3' end of the pol gene of the Pr-C virus is absent; (iv) the majority of the proviruses are integrated randomly with respect to XC DNA. Thus, we conclude that either two different strains were present in the original stock of Pr-C virus that was used to induce tumours in rats, and gave rise to two different provirus units, or that mutations in the original proviruses have resulted in polymorphism with respect to the restriction endonuclease sites. Based on these data, we suggest that gene duplication followed by excision and reintegration at random sites led to an increase in the number of proviruses in XC cells and that the double minute chromosomes may have played a role in this amplification process.
METHODS

Cells and viruses.
Chicken embryo fibroblasts (CEF) were prepared from 12-day-old embryos (SPAFAS, Norwich, Conn., U.S.A.). CEF and QT6 cells were grown in Medium 199 as described previously (Guntaka et al., 1976) . XC ceils, derived from a Pr-C avian sarcoma virus (AS¥)-induced fibrosarcoma (Svoboda, 1961) , were grown in minimum essential medium (MEM; Gibco) supplemented with 10~ calf serum. Pr-C ASV and B77 ASV were propagated in CEF (Varmus et al., 1974b) . Clones of XC cells were isolated as follows. Cells from a 100 mm Petri plate were trypsinized and plated in 60 mm Petri dishes at a concentration of 102 to 103 cells/plate. Individual, well isolated cells that grew into macroscopic colonies were aspirated and plated in microtitre wells (Nunc). The clones were grown in MEM containing 10~ calf serum.
Isolation of cellular DNA. High molecular weight DNA [>30 to 50 kilobases (kb)] was isolated as described previously (Varmus et al., 1973a, b) . Briefly, this consisted of the following steps. Cells were harvested, washed with phosphate-buffered saline (PBS) and suspended in STE buffer (0-1 M-NaCI, 50 mM-Tris HC1 pH 8.1, 10 mM-EDTA). Cells were lysed with 0.5~ SDS, treated with 100 to 200 I-tg/ml proteinase K (E.M. Chemicals) for 3 to 4 h at 37 °C and extracted twice with phenol. The viscous solution was dialysed extensively against STE and then treated with pancreatic ribonuclease (Worthington) at a concentration of 50 ~tg/ml for 2 to 3 h at 37 °C. Following proteinase K treatment, the DNA was phenol-extracted and precipitated with ethanol. The DNA was recovered by certtrifugation and resuspended at about 150 to 200 p.g/ml in 10 mM-Tris-HCl pH 8.1, 1 mM-EDTA.
Restriction endonuclease digestions. The DNA samples were digested with restriction endonueleases, at an enzyme :DNA ratio of at least 5 to 10, under the conditions specified by the suppliers. Completion of digestions was monitored by including 2 DNA. All the restriction endonucleases were purchased from Bethesda Research Laboratories except Pvul and SacI which were obtained from New England Biolabs. Following digestion, the enzymes were heat-inactivated at 68 °C for 10 min, or phenol-extracted, and the DNAs were precipitated with ethanol at -20 °C.
Gel electrophoresis. Agarose gel electrophoresis was carried out in vertical slab gels (15 x 20 x 0-3 cm) cast with 0.8 or 1 ~ agarose (Bethesda Research Laboratories). Gels were run for 16 to 20 h at 30 V in Tris-borate buffer . Following electrophoresis the gels were stained with 1 I.tg/ml ethidium bromide and photographed.
Blotting of DNA and detection of viral sequences. The DNA in the gel was transferred to cellulose nitrate paper (Schleicher & Schuell) and virus-specific sequences were detected by hybridization with appropriate radiolabelled cDNA reagents. These methods have been described by .
Synthesis ofradiolabelled viral reagents. 32P_labelled cDNA was prepared essentially as described by Taylor et al. (1976) . About 1 ~tg 70S viral RNA and 10 ~tM-[Ct-32p]dCTP (300 to 500 Ci/mmol, New England Nuclear), 1 mM each of dATP, dTTP, dGTP, 6 mM-MgC12, 50 mM-Tris-HC1 pH 7.5, 5 mM-dithiothreitol, 50 p.g actinomycin D, 100 to 200 ktg of pancreatic DNase-digested calf thymus primer and 10 units avian myeloblastosis virus reverse transcriptase in a 100 rtl reaction volume were incubated at 37 °C for 16 to 20 h. Template RNA was removed by digestion with alkali and the radiolabelled cDNA was purified as described by . Nicktranslation using plasmid DNAs was carried out essentially as described by Rigby et al. (1977) .
RESULTS
Very little is known about the organization and localization of the 15 to 20 avian sarcoma proviral genomes that are present in XC cells. Recently, Hughes et al. (1978) presented evidence for large internal deletions in the viral genome of ASV-transformed NRK cells. To examine whether similar deletions are present in any or all of the 20 copies of proviral DNA, high molecular weight DNA was isolated from XC cells as well as from several independently isolated clones and digested with various restriction endonucleases. The DNA digests were 
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1887 b Fig. 1 . Southern blot analysis of the DNAs isolated from different, independent clones of XC cells. DNA was digested with restriction enzymes EeoRI and SacI, fragments were separated on agarose gels by electrophoresis, DNA was transferred to cellulose nitrate paper by blotting and virus-specific sequences were detected by hybridization with viral cDNA as described in Methods. electrophoresed on agarose gels and virus-specific sequences were detected by the Southern blotting technique followed by molecular hybridization using 3zp-labelled viral cDNA. The results obtained with restriction enzyme E c o R I are shown in Fig. 1 . E c o R I cleaved ASV D N A at four sites to yield three fragments of 3.8, 3.1 and 1-5 kb. Except for endogenous viruses, such as RAV-0, in almost all the exogenous avian tumour viruses (Prague-C, Prague-B, B77, Prague-A) for which restriction enzyme maps are available , the four E c o R I sites are invariant (Fig. 2) . The most rightward E c o R I site is localized within the L T R and, therefore, the far left end E c o R I site is present only if the LTR is repeated; this appears to be the case in several examples where integration analysis has been determined Sabran et al., 1979; Gilmer & Parsons, 1979 the DNAs isolated from several individual clones (Fig. 1) . SacI likewise yielded a prominent band of 6-5 kb and several minor bands from all the clones tested. As shown below, most of these minor bands were derived from junction fragments. These results strongly indicate that the XC cells used were not heterogeneous, as all the clones contained an identical set of proviruses. This conclusion is further supported by the results obtained with several different restriction endonucleases. An example with two different clones (C1.3 and CI. 14) is given in Fig. 3 . It can be seen that the pattern of hybridization with D N A from both clones was identical. For example, BamHI digestion should yield, in addition to the major 4.6 kb fragment covalently connected to the cellular sequences, three fragments of 1-8, 1.4 and 1-0 kb i f X C were derived from a turnout induced by the Pr-C strain of ASV. However, the 1-0 kb fragment was clearly absent (Fig. 3 and 5) in both clones. The same is true with other clones. In addition to the absence of one of the BamHI sites, a new EcoRI site was gained in several copies of the proviruses as evidenced by the appearance of a fragment of about 1.45 kb. The striking observation with EcoRI is not only the appearance of the 1.45 kb fragment but also the drastic reduction in intensity of the 3.8 kb fragment in the autoradiogram ( Fig. 1 and 4) . If every provirus, upon digestion with EcoRI, yields molar quantities of each fragment then the 3.8 kb fragment should show more hybridization, i.e. the intensity in the autoradiogram of this fragment should be greater than that of the 2.4 kb fragment. Since the control D N A s (Pr-C virus-infected chicken DNA, unintegrated viral DNA) showed the expected amounts of hybridization to each fragment (Fig. 4) , this ruled out the possibility that the probe unevenly represented the genome or that the large fragment was not efficiently transferred. The evidence presented below (see Fig. 5 ) also eliminated other trivial explanations for this result.
Extensive analysis with a combination of several restriction endonucleases indicated that a new EcoRI site was acquired in the 3.8 kb fragment to give rise to the 2.4 and 1.45 kb fragments and that the 2-5 kb fragment was co-migrating with the 2-4 kb left end EeoRI fragment. Conclusive proof for this interpretation comes from an experiment using the recombinant plasmid DNAs as radioactive hybridization reagents to detect viral D N A sequences. Purified viral supercoiled DNA, isolated from Pr-C ASV-infected QT6 cells, was digested with HindIII and the resulting fragments were inserted in Escherichia coli plasmid pBR322. Two clones (pATV-2 and pATV-6) containing the middle 3-2 kb and the end 4-3 kb fragments respectively, from transformation-defective virus have been isolated and characterized (Guntaka & .... Mitsialis, 1980) . The supercoiled DNAs were isolated from these recombinant plasmids, labelled with 32p by nick translation and then used to detect viral fragments. The results are shown in Fig. 5 . The pATV-6 probe detected only the 3.1 and 2.4 kb EcoRI fragments whereas the pATV-2 hybridized to the 3.8, 2.4 and 1.45 kb fragments, c D N A prepared from viral 35S R N A detected all four fragments. This suggests that the 2-4 and 1.45 kb fragments were derived from the middle, 3-8 kb EcoRI fragment of the genome. Both probes hybridized equally well to the 6.5 kb SacI fragment. A prominent band of 2.7 kb SacI fragment that could be specifically detected by the pATV-6 probe is present. This could be due to tandem integration of some proviruses. Whereas the pATV-2 probe, as expected, detected mainly the 3.2 kb HindIII middle fragment, the pATV-6 probe detected several well defined fragments which are cellular-viral D N A junction fragments. Some prominent bands at 5-7 and 6.7 kb were also present. These could be many junction fragments of the same size or copies integrated in tandem. KpnI, which has a single restriction site in the middle HindIII fragment, reduced the size of the 1.45 kb fragment to about 1.1 kb (Fig. 6) , indicating that the new EcoRI site in the 3.8 kb fragment was asymmetrically located and that the new EcoRI site was located approximately 0.3 kb to the left of the KpnI site (Fig. 2) . Also note that both the 1-8 and 1.4 kb BamHI fragments were hybridized to the pATV-6 (Fig.  5) as well as cDNA probes whereas the pATV-2 probe hybridized to the 1-8 kb fragment only, confirming the earlier observation that the most rightward BamHI site, which is located in the pol gene, was absent in all the proviruses.
S. A. M I T S I A L I S A N D O T H E R S
XC cells have been passaged in our laboratories for several years (the New York line was originally obtained from Dr P. K. Vogt). It is possible that this continuous passage in tissue culture of these cells might have resulted in genetic alterations. In order to test whether these changes occurred recently or were present in the original cell line, XC cells were also obtained from two independent sources, DNA was isolated and subjected to restriction enzyme analysis. EcoRI, for example, gave identical results (Fig. 7, lanes 1, 2 and 3) , suggesting that the changes we detected in our cell line were not of recent origin and were not unique to our New York cell line.
It has been shown previously that virus can be rescued from XC cells by co-cultivation or fusion with permissive chicken cells (Simkovi~ et al., 1962; Svoboda, 1962; Svoboda et al., 1967) . XC cell DNA could also be used to transfect other cells although at reduced efficiency. We have obtained a batch of uncloned virus that was rescued from XC cells (kindly provided by Dr H. Hanafusa) and this virus was used to infect chicken cells. DNA was isolated and digested with EcoRI. The results (Fig. 7 , lane 5) indicated the presence of the 1-45 kb fragment. The 3.8 kb fragment derived from the endogenous sequences was also present. That the 1.45 kb fragment was not derived from a transformation-defective (td) genome was shown by running in parallel an EcoRI digest of the B77 td virus-infected chicken cell DNA. The characteristic 3.1 kb EcoRI fragment containing the src sequences was replaced by a 1.1 kb fragment derived from the td genome (Fig. 7, lane 6) . J. Svoboda and colleagues have also established several hamster tumour lines from tumours induced by injecting virus rescued from XC cells (Svoboda, 1981) . In one such line, H9, again the 1.45 kb fragment was present, suggesting that the proviral DNA from XC cells contained the provirus with the new EeoRI site (Fig. 7, lane 4) . Recently, J. Svoboda et al. (unpublished results) have found that two other hamster cell lines, established in a similar way to the H9 line, contained a single provirus copy with the new EcoRI site.
It has been shown previously that amplified dihydrofolate reductase genes are present on double minute chromosomes (Kaufman et al., 1979) . Preliminary experiments indicated that at least one type II provirus is localized on these chromosomes (data not shown). More direct in situ hybridization experiments have to be carried out to conclusively establish this observation.
Finally, we have also shown by hybridizing the blots with an src-specific probe that more than 90~ of the proviruses in XC cells carried the src gene (data not shown). Since the 3.1 kb band is very intense compared to the transformation-specific 1.8 kb band in the autoradiogram (Fig. 1) , we can conclude that one or two copies contained sre deletions. This result confirms those obtained by previous liquid hybridization studies (Stehelin et al., 1977) .
DISCUSSION
The multiple proviruses that are present in XC cells can be divided into two groups on the basis of EcoRI cleavage sites. In almost all the avian tumour virus genomes for which maps are available, the EcoRI sites located in the gag and env genes as well as the one in the LTR are invariant Highfield et al., 1980; De Lorbe et al., 1980) . However, about 60 to 70 ~o of the provirus genomes in XC cells contain a new EcoRI site (provirus type II) between the pol and env genes and the remaining 30 to 40 ~o contain the usual four EcoRI sites (provirus type I) (Fig. 2) . This suggests that, during passage of this cell line, either some provirus genomes acquired a new EcoRI site or that all the proviruses contain this site but some time during passage of this cell line some copies have lost it. It is also conceivable that the original stock of virus used to induce tumours may have contained a mixture of two viruses: a Prague-C strain which contains the normal EcoRI pattern and an unknown virus with the new EcoRI site. The absence of one BamHI site in almost all the proviruses (Fig. 2) suggests that loss of the BamHI site could be due to recombination between different subgroups or due to mutation in the original provirus.
It is interesting to note that the virus rescued from XC cells (kindly provided by H. Hanafusa) is derived from the provirus unit with five EcoRI sites, i.e. is type II. Svoboda (1981) has also transformed chicken cells with virus rescued from XC cells and the transformed chicken cells are then injected into hamsters to induce tumours. Several different tumour cell lines have been established from these tumours. All three cell lines analysed so far by restriction endonucleases contain proviruses of type II (see Fig. 6 for H9 data; data for H 19 and H20 are not shown here). Taking the virus rescue and the infection experiments together, it may be concluded that provirus II but not provirus I serves as a template to generate a functional viral RNA. In fact, the H20 cell line is virogenic and the virus, like Hanafusa's rescued virus, is derived from provirus II (J. Svoboda et al., unpublished data) .
The origin of the multiple proviruses remains unknown. In almost all the studies it has been reported that only one or two provirus copies stably integrate into a variety of host cells. Even in cases where multiple copies are integrated, in the acutely infected state only one or two copies are retained in the established cell lines (Khoury & Hanafusa, 1976; Battula & Temin, 1978) . We have also observed that the provirus units are integrated randomly on several different chromosomes. That means either that multiple copies have been integrated in the original tumour cells or that they may have been amplified from a single provirus. The mechanism of provirus amplification remains to be studied although preliminary results indicate that at least one copy of the provirus is localized on a minute chromosome.
